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Abstract 
 
The risk of human health due to infectious diseases caused by pathogenic microorganisms has 
emerged lately and absorbed significant attention of the activists from diverse areas to control the level of 
risk as well as prevent the potential outbreak. Among probable directions to deal with the issue, proper 
treatment of water especially microorganism disinfection process stands out as one of the most effective 
methods since the infection occurs most likely due to the utilization of filthy water under inadequate 
treatment or non-treated water. In order to control the level of microorganism in water effectively, a 
number of potential methods have been studied including physical, chemical processes and so on. In 
which, metal based disinfectants and copper related compounds in particular have turned more and more 
popular owing to high effectiveness at low dose range along with the absence of subsequent adverse. 
However, despite massive studies on toxicity of various copper-based materials, knowledge of the 
antimicrobial action by some fundamental copper systems is still deficient including inactivation 
mechanism behind the toxicity.  
 
In this study, copper ion (Cu[II]) and copper Fenton system (Cu[II]/H2O2) were investigated for the 
effect on the survival of two surrogate microorganisms (E. coli and MS2). The mode of action underlying 
biocidal effect of such systems was elucidated via observations using various capping and scavenging 
chemicals. pH condition and level of dissolved oxygen in the solution were examined whether affect the 
performance of the materials. In addition, copper nanoparticles (nCu) were synthesized and tested for the 
potential to be employed in antimicrobial treatment processes. Fabrication route was studied for influence 
on nCu toxicity as was molecular oxygen while the contribution of reactive oxidants and the particles 
themselves was clarified as well. 
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Chapter 1. Introduction 
 
I. Waterborne pathogens in drinking water 
In a publication of World Health Organization (WHO) in 2007, Diarrhoeal diseases were reported to 
cause death for 1.8 million people around the world and cause estimated 4 billion cases of illness annually. 
Majority of the victims who die of diarrhoeal diseases are children, under five particularly in developing 
countries. Figure 1 from referred publication reveals that other infectious diseases including tuberculosis, 
malaria, measles also resulted in high rate of death for global population. Those sicknesses are known as 
waterborne diseases and recognized being caused by pathogenic microorganisms living in water such as 
virus, bacteria and protozoa. 
 
 
 
Figure 1: Leading causes of deaths from infectious diseases 
(Combating waterborne disease at a household level / International network to promote household 
water treatment and safe storage – WHO – 2007) 
 
Pathogenic microorganisms exist in water sources either naturally or as a result of waste by animals 
and human activities including ingestion, recreation and so on. Bacteria, virus and protozoa infect human 
health in different ways and the most common symptom observed is the distress of digestive system 
(nausea, diarrhea). Other expressions could relate to skin, eyes, lungs or livers. Controlling major 
outbreak caused by waterborne pathogens has attracted massive concern of scientists and activists from 
diverse areas, not only in developing nations but also in highly developed countries since significant 
public health problems in those countries are increasingly recognized attributed to the appearance of 
infectious organisms. Such outbreaks occurred most likely due to the utilization of filthy water under 
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inadequate treatment or non-treated water and poor environmental sanitation. However, illness–causing 
organisms are able to be controlled by proper disinfection step in water treatment facilities. Hence, 
drinking water is required to be sufficiently treated to eliminate the risk of such infectious diseases and 
microbial disinfection technology requires promotion for essential efficiency as well as other social 
consideration including cost-effectiveness, technical feasibility, chemical safety, etc. 
 
II. Copper based materials for disinfection of waterborne pathogens 
For waterborne pathogen treatment, a number of methods have been studied ranging from boiling, 
sonication
1
, electrochemical method
2
, UV irradiation
3
, solar disinfection
4
and so on, in which treatment 
using chemical antiseptics is one of the most popular used methods. Regarding chemical disinfectants, 
apart from conventional substances (chlorine, chloramines, ozone) a number of transition metals have 
been exclusively studied for biocidal effect on a variety of microorganisms, namely silver, copper, iron, 
zinc, cobalt, etc. Among them, together with silver, copper and copper related compounds and systems 
have expressed remarkable inactivation activity. A number of previous studies have demonstrated the 
effectiveness of free and complexed Cu(II) ion as well as the combined systems with auxiliary 
compounds, for example H2O2 in bacteria and viruses inactivation.
5-11
 Particularly, Cu(II) - catalyzed 
H2O2 process which is also known as copper Fenton system has been one of the most studying subjects. 
In this combination with H2O2, Cu(II) revealed a distinctively deleterious effect on a wide spectrum of 
single-  and double- stranded DNA, RNA viruses.
5-7
 Unlike conventional disinfectants requiring either 
high dose or long reaction time for inactivation and unlike the twin application, Fenton process, being 
effective only at acidic pH, Cu(II)/H2O2 system inactivates viruses at relatively low concentrations of both 
components, short exposure time and offers sufficient effect at neutral pH due to proper solubility of 
copper ions.
7, 12
  
 
Antimicrobial activity of copper based systems have been reported to be influenced in various ways 
by various parameters ranging from pH, temperature, the presence of natural organic matters and so on. 
Briefly, the inactivation efficiency of E. coli by Cu(II) ion was found increased following the increase of 
ambient temperature
13
 while the presence of dissolved organic carbon (DOC) can hinder lethal action of 
Cu(II) by forming organic complex with the ions.
14
 However, the effect of pH on Cu(II) toxicity is 
unlikely well understood yet since controversial results have been reported along the studies. Sharan et al. 
(2009) investigated the lethality of copper on E. coli and concluded that copper was more toxic at further 
pH from neutral condition
13
 while Franklin et al. (2000) reported that growth inhibition effect by Cu(II) 
was higher at pH6.5 than that at pH 5.7.
15
 In order to determine the feasibility of copper disinfectants to 
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be employed in practical application, knowledge of pH-dependent manner of the disinfectants is highly 
required.  
 
On the other hand, along with recent emergence of nanotechnology, nanoparticulate zero-valent 
copper (nCu) has been developed and examined for growth inhibition and inactivation effect on 
pathogenic organisms.
8, 9
 Copper nanoparticles have shown great inhibiting effect on E. coli growth
9
 and a 
variety of experimental parameters including pH, temperature and aeration condition affected the toxicity 
of the particles diversely.
8
 Toxicity of nCu is also varied depending on strain specificity,
16
 strain 
concentration, occupying dose and especially size range of the particles. 
8
  
 
Additionally, copper - based materials synthesized by depositing copper ion or copper nanoparticles 
on the surface of porous supports have also been widely tested for their antimicrobial activity, for 
example, Cu(II)-montmorillonite
17
, Cu-doped TiO2
18
, SiO2-Copper core-shell composite
19
, to name a few. 
In those combination, the supporting materials most likely enhance biocidal activity by either improving 
the dispersion of Cu(II) ions or serving as a platform for higher contact frequency between metal 
antiseptic and microbial cells. Occasionally, the porous materials offer the possibility to utilize visible 
light for disinfection owing to the original photocatalytic characteristic of the supporting material itself 
such as Cu-doped TiO2 material.
 18
 
 
III. Mechanisms of disinfection by copper based materials 
 Throughout the literatures, copper based materials have been proposed to induce biological damage 
by cupric (Cu[II]) and cuprous ions (Cu[I]) in which Cu(I) ion is probably more toxic to surrogate 
microorganism such as E. coli than the counterpart Cu(II) ion in anoxic condition.
20
 Experimental 
indications revealed that the materials gradually released a certain amount of Cu(II) ion whereas Cu(I) 
could be produced via Cu(II) reduction by reductants present in the system. Those reductants may include 
superoxide radical, hydroxyl radical, hydrogen peroxide or functional groups of the microorganism 
occasionally
21
. Metal ions are believed to contact directly with the cells, disrupting cell membrane 
integrity, changing membrane permeability
22
 followed by affecting cytoplasmic compounds such as thiol 
groups, dysfunctionalizing the groups and causing cell death. Beside from direct interaction, Cu(II) ion 
can catalyze the formation of reactive oxygen species such as singlet oxygen, superoxide radical which 
are highly reactive in reaction with living cells.
23, 24
 This pathway is generally proposed to be important in 
the performance of copper based disinfectants. 
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For copper in combination with H2O2, several studies have attempted to elucidate the mechanisms 
underlying the antiviral action of the system and a number of theories have been reported. The most 
accepted hypothesis implies hydroxyl radical (

OH) formed by Cu(II) reduction and subsequent oxidation 
of Cu(I) through Haber-Weiss reactions as the ultimate lethal species owing to high reactivity with 
various compounds and pathogens that 

OH radical has exhibited.
7, 10, 25-27
 Meanwhile, there have also 
been evidences suggesting that 

OH free radical is not either favorably formed in biological systems
28, 29
 
or the causative oxidant for the toxicity of Cu(II)/H2O2
30
 and supporting the formation of copper-peroxide 
complexes
30
 and particularly Cupryl ion Cu(III)
31-33
 as the most likely predominant species. Cu(III) ion 
could be either resulted from 2 – electron Cu(I) oxidation by H2O2
28
 or 1 – electron Cu(II) oxidation by 

OH radical.
33
 Besides, superoxide radical was considered to be involved in the toxicity of the system but 
less crucial than the previous two factors. Cu(II) ion participates factionally in the disinfection depending 
on the side that Cu(II) binds to microorganism cells  as described by site-specific mechanism.
26
 All those 
possible mechanisms governing the toxicity of Cu(II) ions, Cu(II)/H2O2 as well as the heterogeneous 
copper catalysts are summarized in Table 1 below. 
 
Table 1. Suggested mechanisms for antimicrobial activity of copper based disinfection systems. 
Materials 
Lethal 
factors 
Target Inactivation modes Reference 
Cu(II) 
Cu
2+
 
E. coli 
Cu
2+
 causess radiation-induced inactivation.  
Cu
2+
 causes plasma membrane damage. 
Cu
2+
 causes permeability on the cell surface 
34
 
11
 
35
 
Yeast cells 
Cu
2+
 impairs the barrier function and changes 
permeability of cell membrane 
22
 
Cu
+
 E. coli 
Cu(I) is more toxic than Cu(II) under anoxic 
condition. 
20
 
ROS 
(O2
-
, 
1
O2) 
E. coli 
O2
-
 is formed intracellularly catalyzed by 
Cu
2+
 
24
 
Cu(II)/H2O2 

OH 
Xanthomonas 
campestris 
pv. 
campestris 

OH radicals accounts for the toxicity of 
Cu/H
2
O
2
. 
10
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MS2 
Cu(OH)2 is considered as the most Fenton 
reactive species. 

OH radicals is the main factor in Cu system  
7
 
- Review paper  
26
 
- ESR Spin-trapping study 
25
 
O2
-
 - Review paper 
26
 
Copper-
peroxide 
complex 
DNA 
Copper-peroxide complexes is the main 
factor causing DNA cleavage 
30
 
Cu(III) - 
Cu(III) could be produced from: 
Cu(I) + H2O2 → Cu(III) 
Or 
Cu(II) + 
OH ↔ Cu(III) 
 
28, 31
 
 
33
 
Copper 
catalysts 
Released 
Cu(I) and 
Cu(II) ions 
E. coli, 
Yeast, 
7 strains of 
bacteria 
Inactivation efficiency depends on the 
fraction of nCu on surface of media. 
Cu
2+
 plays a role as a bridge between media 
particle and bacteria. 
9, 16, 18, 36, 37
 
nCu E. coli 
nCu causes changes in cell permeability and 
membrane profile. 
9
 
 
Inactivation mechanisms behind the toxicity of copper nanoparticles and copper based catalysts have 
been proposed for two main possibilities which are released copper ions
16
 and nCu itself.
9
 In the latter 
proposition, nCu damages the pathogens by direct interaction, binding on the cells, destroying cell 
membrane or being oxidized to produce reactive oxidants on the cell surface; both of the products are 
strong in terms of microbial inactivation. nCu is also reported to enter into cytoplasm membrane without 
disrupting the membrane due to the small size range and damage cellular compounds by subsequent 
reactions. In addition, nanosized copper was recognized having superior lethality than micro-ranged 
copper owing to its larger surface to volume ratio. Regarding the role of copper ions, they might be the 
key lethal factor following the mechanism described in earlier part of this chapter. However, there is still 
difficulty in separating the contribution of nCu and Cu
2+
 ion in the total toxicity of the catalysts. 
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Chapter 2: Materials and Methods  
 
I. Materials 
Microorganism cultural reagents including agar, nutrient broth, tryptone, yeast extract were obtained 
from Becton – Dickinson Company (USA). Chemicals for inactivation experimentation and copper 
nanoparticles synthesis including Copper sulfate (CuSO4), hydrogen peroxide (H2O2), Methanol (MeOH), 
tert-Buthanol (tert-BuOH), Ethylenediaminetetraacetic acid (EDTA), 2.9-Dimethyl-1,10-phenanthroline 
(DMP), Sodium citrate (Na3C6H5O7.2H2O) were purchased from Sigma - Aldrich Co. (USA). All 
chemicals were of reagent grade and used without any further purification. Chemical stock solutions as 
well as E. coli and MS2 growth cultures were prepared in deionized water. Glassware was washed with 
deionized water and sterilized by autoclave at 121
o
C in 15 min prior to use. 
 
II. Microorganism cultivation and analysis 
E. coli ATCC 8739 was incubated in 30 mL of Difco nutrient broth at 37°C for 18 – 24 h. The cells 
were harvested by centrifugation at 3000 g for 15 minutes and washed 3 times by phosphate-buffer saline 
(PBS, pH 7.2) to remove all retained nutrient. The obtained E. coli cells were resuspended in 20 mL PBS 
and kept in the refrigerator at 4-5°C. Spread plate method was employed to determine the initial 
population of E. coli as well as the number of viable cells during inactivation experiments using studied 
disinfectants. In this method, 0.1 mL sample at corresponding dilution point was plated on nutrient agar 
before incubated for 24 h at 37°C. After that, the number of colonies was counted and the number of 
viable cells was examined based on dilution factor. 
 
The MS2 phage was prepared using E. coli C3000 as a host. The method applied for E. coli C3000 
cultivation was same with E. coli 8739 in which bacteria stock was by incubated for 18-24 h at 37°C in 
the broth contained 1% tryptone, 10% glucose, 0.1% yeast extract, 0.8% NaCl, 1 M CaCl2 and 1% 
thiamine. After precultured host was ready, 0.2 mL MS2 stock was added and incubated unshakingly in 
the incubator for 18 h at 37
o
C. Subsequently, the cultural solution was centrifuged at 3000 g for 15 min 
and the supernatant was collected to use for experimentation. MS2 population was qualified by plaque 
assay method using the media for top and bottom layers containing 0.5% and 1.5% agar respectively. In 
order to perform the assay, E. coli C3000 was prepared at least 6h by incubating 0.2 mL stock in 30 mL 
broth at 37°C prior to use in experimentation. During the assay, a vial containing 2.5 mL soft agar was 
slightly shaken with 0.1 mL MS2 sample and 0.2 mL precultured C3000 and the mixture was poured 
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evenly on hard agar plate. After 18-24 h incubating, the number of MS2 plaque could be counted and 
virus viability could be determined.  
 
III. Analytic method for measuring copper ions 
The measurement was conducted following the principle of Neocuproine method for copper 
quantification from Standard Method for the Examination of Water and Wastewater in which 2.9-
Dimethyl-1,10-phenanthroline (DMP) was used as an indicator to detect the formation of Cu(I) ion owing 
to the ability of DMP to form complex with Cu
+
 at neutral or near acidic pH. A slight modification was 
carried out to regulate the method for Cu
+
 measurement; no reductant was employed and the excess 
amount of DMP was added to the experimental solution before microorganism was applied to prevent the 
rapid conversion of Cu
+
 to Cu
2+
 in the presence of dissolved oxygen. After corresponding reaction time, 
the solution was measured for light absorbance at 454 nm by UV-Vis Spectrometer and calculated for Cu
+
 
concentration. The formation of Cu
+
 ion was also investigated in the presence of neither E. coli nor MS2 
and the result was used as negative control value. 
 
IV. Copper nanoparticles synthesis and characterization 
Copper nanoparticles (nCu) were prepared by chemical reduction method in which copper precursor 
(CuSO4) was reduced by sodium borohydride (NaBH4) at room temperature to form nanosized zero-
valent copper. The precursor solution was prepared by dissolving 1 g CuSO4 in 50 mL water under 
vigorously stirring. Then, NaBH4 was added drop by drop into the solution and nanosized copper was 
immediately formed in the solution. The particles were harvested by centrifugation at 10.000 rpm for 15 
min, washed 3 times with DI water and dried over night. 
 
In order to determine the effect of fabrication method on antimicrobial activity of the catalysts, a 
second type of nCu was synthesized with a small change in the method. Sodium citrate (Na3C6H5O7.2H2O) 
and Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123) were used to 
control the growth rate of particles and prevent possible aggregation. Stock solutions of 0.1 M CuSO4, 
0.08 M sodium citrate, 0.1 M NaBH4 and P123 were prepared priorly to perform the synthesis. In 
fabrication step, 6 mL CuSO4 was added with 1.2 mL sodium citrate and a corresponding volume of P123 
solution to make the total volume of 29.4 mL. Then, 0.6 mL of NaBH4 0.1 M was added dropwisely and 
the formation of copper nanoparticles was visually observed via the gradual alteration of solution color 
from transparent blue to dark brown. Subsequently, the particles were collected by centrifugation at 
10.000 rpm for 15 min and washed 3 times with DI water before drying over night. 
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Transmission electron microscope (TEM) was employed to characterize the size range and 
morphology of synthesized nanoparticles. Prior to performed TEM analysis, fresh prepared particles were 
evenly dispersed in pure ethanol by sonicating for 10min. Then, a small volume of the mixture was taken 
out and placed on TEM grid followed by drying naturally in air. 
 
V. Inactivation experiments 
All inactivation experiments were performed in 60 mL Pyrex reactors at room temperature (24 ± 
0.5°C). E. coli and MS2 cells were suspended in 1 mM piperazine-N,N′-bis(2-ethanesulfonic acid) 
(PIPES) buffer solution (pH7) to achieve the initial populations of approximately 10
7
 CFU/mL and 10
7
 
PFU/mL respectively. The suspensions were then mixed vigorously by magnetic stirrers. The experiments 
were initiated by adding corresponding disinfectants at predetermined concentrations. In experiments 
using Cu
2+
 together with H2O2, Cu
2+
 and H2O2 were added simultaneously at zero point of time. EDTA 2 
mM was prepared to instantly quench the remaining copper ions. 1 mL sample was taken out at defined 
time intervals and diluted with sterilized DI water to the required population of microbes. 0.1 mL of each 
diluted sample was assayed on triplicate agar plates followed by incubating for 18 – 24 h at 37°C and 
counting for the number of bacterial colonyas well as viral plaque. The result of E. coli and MS2 
inactivation was expressed as log(N/N0), in which N0 and N are the number of E. coli cell (CFU/mL) or 
MS2 particles (PFU/mL) at initial time and determined sampling time respectively. Most of the 
experiments were repeated three times; the average values and the standard deviations were reported. 
 
In experiments examining the effect of pH on microbial inactivation by Cu(II) ion, 2-(N-morpholino) 
ethanesulfonic acid (MES) was used to buffer the solution at pH 6 and 6.5 whereas PIPES buffer was 
used for pH 7. Both buffers were prepared in DI water and filtered through 0.45-mm filter to eliminate the 
possible presence of microorganism before being used for experimentation. In oxygen effect tests, air 
saturation condition was conducted by exposing the solution to ambient air during experiments while 
deaeration condition was carried out by purging N2 gas for 20 min prior and during the experiments. DMP 
and EDTA, orderly cuprous and cupric ion chelating agents, were employed for examining the role of 
copper speciation
10
 in antimicrobial actions. For reactive oxygen species (ROS) identification, two well-
known 

OH radical scavengers (Methanol (MeOH) and tert-Butanol (tert-BuOH)) were employed.
38, 39
 
All the additives were applied before the experiment initiation by adding investigated disinfectants.  
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Chapter 3. Results and Discussion 
 
I. Inactivation activity of Cu(II) 
1.1. Experimental results 
1.1.1. Inactivation of E. coli and MS2 by Cu(II) 
The result of E. coli and MS2 inactivation by a variety of Cu(II) concentration is shown in Figure 2a 
and b respectively. Control tests performed without any disinfectant confirm that 1 mM PIPES buffer 
caused insignificant loss for both E. coli and MS2 survival during the whole course of experimentation. 
As shown in Figure 2a, Cu(II) expressed relatively strong lethal effect on the bacteria; 5 μM Cu2+ ion 
resulted in 2.3 log of E. coli inactivation within 30 min (Figure 2a) and greater effect was achieved as 
Cu
2+
 concentration increased from 5 to 50 µM. The enhancement in antibacterial efficiency was observed 
indirectly related to the increase of Cu
2+
 dose. An apparent enhancement was found when the 
concentrations rose from 5 µM to 10 µM and subsequently to 25 µM but no visible gap was observed 
between the inactivation curves at 25 µM and 50 µM; a similar efficiency of about 3.7 log was reached 
after 30 min by both levels of Cu
2+ 
ion. Regarding inactivation behavior of E. coli against Cu(II) toxicity, 
the curves in Figure 2a reveals that bactericidal activity has linear correlation with reaction time at 
relatively low concentration Cu
2+
 ion and the pattern slightly changed in the elevation  of Cu(II) 
concentration. At higher range of disinfectant dose, the toxicity was remarkably enhanced at primary time 
and the rate was slowed down at later period. 
 
In contrast to the remarkable effect found in E. coli inactivation, the curves of MS2 inactivation in 
Figure 2b reveal limited viral lethality of Cu(II) ion; less than 1 log result was obtained by 5 µM Cu
2+
 
after 1 h reaction. When the metal ion concentration climbed over the range of experimentation from 5 to 
50 µM, no significant alteration was found in antiviral effect in which approximate 1.4 log was achieved 
after 1 h by applying 10 µM Cu
2+
 ions. However, 1.4 log inactivation was steadily remained despite the 
elevation of disinfectant dose from 10 to 50 µM. Additionally, regardless the Cu(II) concentration applied, 
MS2 inactivation expressed linear correlation to reaction time. 
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Figure 2: Antimicrobial activity of Cu(II) ion 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL 
 
1.1.2. Effect of solution pH 
pH was investigated for the effect on E. coli inactivation activity of Cu(II) ion by experiments 
conducted at three various pH conditions orderly 6, 6.5 and 7 and the result is presented in Figure 3. In 
Figure 3, inactivation efficiency was expressed as average reduction of organism viability divided by 
reaction time. MES 3 mM was used to buffer the experiments at pH 6 and 6.5 whereas PIPES buffer was 
employed for pH 7 condition. Control experiment indicates that 3 mM MES did not affect E. coli survival 
during the experimental course (data not shown). Figure 3 reveals a good consistency in bactericidal 
activity of Cu(II) ions over the pH range; the effeciency of E. coli removal increased rapidly up to the 
concentration of 25 µM but the enhancement decelerated afterward when Cu
2+
 level ascended to 50 µM at 
all three pH conditions. Stronger biocidal efficiency was achieved at higher pH condition regardless the 
level of Cu(II) used. Also, it is clear from the curves that the closer pH condition to neutral, the faster 
bactericidal toxicity of low - concentration Cu(II) accelerated. However, the pH-dependent manner 
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exhibited dissimilarly at various disinfectant dose wherein the inactivation efficiency by 50 µM Cu
2+
 was 
found 2-fold higher at pH 7 than that at pH 6 whereas with 5 µM Cu
2+
, the gap was found 8-fold 
difference. Accordingly, the greatest slopes were found when the toxic reagent increased to 2.5 µM, 5 µM 
and 10 µM at pH 7, 6.5 and 6 respectively.  
 
 
Figure 3: Effect of pH on E. coli inactivation by Cu(II) 
[PIPES] = 1 mM (pH 7) ; [MES] = 3 mM (pH 6, 6.5) ; [E. coli] = 10
7
 CFU/mL 
 
1.1.3. Effect of molecular oxygen 
The inactivation of E. coli and MS2 by Cu(II) ions in the presence and absence of molecular oxygen 
was tested at two points of reagent dose (25 µM and 50 µM) and the result is shown in Figure 4. The 
absence of dissolved oxygen in the solution generated negligible change in E. coli and MS2 populations 
during the whole course of experimentation (Data not show). Under deaerated condition, E. coli 
inactivation was observed unchanged compare to the results obtained in the presence of ambient oxygen 
regardless the concentration of Cu
2+
 ion used. The range of approximate 3.6 to 4.2 log inactivation was 
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found after 30 min for all experimental conditions. On the other hand, dissolved oxygen seemed like 
playing a substantial role in MS2 inactivation since observable dissimilarity was obtained between the 
curves at deaeration and air saturation conditions (Figure 4b). The virucidal efficiency decreased from 1.4 
log in the presence of molecular oxygen to about 0.4 log under the purging of N2 gas during the same 60 
min course of experimentation. Noticeably, linear time-dependent relationship was remained and 
comparable toxicity of 25 µM and 50 µM Cu
2+
 on MS2 was still observed in the absence of molecular 
oxygen. 
 
  
Figure 4: Effect of molecular oxygen on inactivation activity of Cu(II) 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7) ; [E. coli] = 10
7
 CFU/mL ; [MS2] = 10
7
 PFU/mL 
 
1.1.4. Effects of radical scavengers and copper chelating agents 
To gain the insight into the mechanism behind Cu(II) toxicity, inactivation experiments were 
performed in the presence of two widely used oxidant scavengers, namely MeOH and tert-BuOH  to 
examine the contribution of reactive oxygen species. Figure 5a and b indicate the impact of radical 
scavengers on antimicrobial activity of Cu(II) ions on E. coli and MS2 respectively. Generally, the excess 
amount of two additives added did not alter the biocidal effect of Cu(II) ions greatly in which the pattern 
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of E. coli inactivation was maintained and MS2 behavior appeares slightly varied from linear correlation 
of the control curve without scavenger. Particularly, 200 mM MeOH trivially affected E. coli inactivation 
while tert-BuOH unusually enhanced the efficiency up to 0.8 log. Likewise, 0.5 log enhancements were 
found in MS2 inactivation when 200 mM tert-BuOH was added while the curve of MeOH case was found 
parallel to the control curve at initial time but abruptly stopped after 40 min.  
 
 
Figure 5: Effects of radical scavengers on inactivation activity of Cu(II) 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7) ; [Cu
2+
]E. coli = 5 µM; [Cu
2+
]MS2 = 50 µM ; 
[MeOH] = [tert-BuOH] = 200 mM 
 
On the other hand, ligands for Cu(I) and Cu(II) ion complexing were employed to examine the 
involvement of the two copper ion species in the overall toxicity. In Figure 6, the curves of E. coli and 
MS2 inactivation by 50 µM Cu(II) ion are revealed along with the curves achieved by experiments 
carried out using EDTA and DMP as Cu
2+
 and Cu
+
 chelating agents. EDTA, which is well known as 
Cu(II) ligand, as expected perfectly inhibited the antibacterial and virucidal activities of Cu(II) ion since 
EDTA-Cu(II) complex was reported non-toxic.
11
 In counter experiment, 2 mM DMP exhibited diverse 
effect on E. coli and MS2 inactivation. When the survival of E. coli was almost completely protected with 
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only 0.4 log inactivation observed in the presence of 2 mM DMP, MS2 inactivation curve was found not 
varied from the control and the approximate 1.2 log was firmly remained after corresponding reaction 
time (Figure 6b). 
 
 
Figure 6: Effects of copper chelating agents on inactivation activity of Cu(II) 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7); [Cu
2+
]E. coli = 5 µM; [Cu
2+
]MS2 = 50 µM ; [DMP] = [EDTA] = 2 mM. 
 
1.1.5. Reduction of Cu(II) to Cu(I) by surrogate microorganisms 
Further experiments were conducted to examine the contribution of Cu(I) ion in microbial toxicity of 
Cu(II) in which the formation of Cu
+
 from 50 µM Cu
2+
 in the solutions of two surrogate germs was 
measured. The normalized results are presented in Figure 7 after subtracting the measured value for the 
control value (where no microorganism was applied). Result from Cu(I) measurement reveals that both E. 
coli and MS2 are capable of activating the reduction of Cu(II) and produce Cu(I) ion in which E. coli 
appeared more effective than MS2. From the original 50 µM Cu
2+ 
ion, 3 µM Cu
+
 was generated in the 
presence of 10
7
 CFU/mL E. coli whereas an estimated 1 µM was achieved in the solution with 10
7
 
PFU/mL MS2 phage. This difference in Cu(I) generation is believed to differentiate biological behaviors 
of virus and bacteria against Cu(II) toxicity.  
Reaction time (min)
0 20 40 60
L
O
G
 (
N
/N
0
)
-6
-5
-4
-3
-2
-1
0
Control
EDTA
DMP
Reaction time (min)
0 10 20 30
L
O
G
 (
N
/N
0
)
-6
-5
-4
-3
-2
-1
0
Control
EDTA
DMP
 (b) 
 (a) 
  
  
 
 
15 
 
  
 
 
Figure 7: Reduction of Cu(II) to Cu(I) ion by E. coli and MS2 
[PIPES] = 1 mM (pH 7); [Cu
2+
] = 50 µM; [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL. 
 
1.2. Discussion 
The result of 2.3 log inactivation of E. coli by 5 µM found in this study is similar to the efficiency by 
6 µM Ag
+
 reported before
40
 implying the comparable antimicrobial activity of copper to silver material 
which has predominated in the field for a long time. The bactericidal efficiency by Cu(II) at the range of 5 
to 25 µM has no doubt followed a concentration-dependent manner but the minor difference between the 
inactivation curves of 50 µM and 25 µM (Figure 2) likely recommends a saturation of copper toxicity to 
E. coli. The interaction between E. coli cells and Cu(II) ion which might have reached the climax at 25 
µM metal ion so that the toxic effect could not grow further. More importantly, inactivation pattern as 
respect to copper concentration was observed same at pH 6 and pH 6.5 despite the dissimilarity in 
antimicrobial levels achieved at three pH conditions. Inactivation curve goes upper at higher pH 
demonstrates that at higher pH, the number of E. coli removed by Cu(II) increased correspondingly 
during whole range of disinfectant amount. This phenomenon could be explained by the competition of 
H
+
 ions in bulk solution against Cu
2+
 ions in interaction with bacteria cells due to electrostatic attraction 
since E. coli cells are negatively charged and both ions share the same positive charge. Interaction 
competition could also be the reason for steeper slope found at low Cu
2+
 range in closer neutral pH 
conditions. At low range of Cu
2+
 concentration, the abundance of H
+
 ions seemed like more predominant 
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at near acidic pH so that the inactivation was inhibited considerably and H
+
 dependent inhibition 
decreased gradually when pH condition moved up to neutral value. On the other hand, the enhancement 
found in E. coli inactivation when solution pH rose in the range from 6 to 7 can also be resulted by the 
alteration in copper species as a function of pH. In a report by Cuppett et al. (2006),
41
 copper is described 
exist at pH 6 most likely as dissolved Cu
2+
 ion with a trivial faction of monohydroxo Cu(II) complex 
(Cu(OH)
+
). As pH increases from 6 to 7, the fraction of Cu
2+
 ion decreases slightly along with gradual 
increases of Cu(OH)
+
 and Cu(OH)2. Additionally, Cuppett and co-workers suggested that free Cu(II) and 
Cu(OH)
+
 were more toxic than other forms of anionic complex. Therefore, it seems plausible that pH – 
dependent manner of Cu(II) toxicity is resulted by the appearance of highly toxic Cu(OH)
+
 in the solution. 
 
Regarding the behaviors of bacteria and virus against Cu(II) toxicity, more resistance was observed 
with MS2 rather than E. coli which shares the same trend with a range of other disinfectants including 
photocatalytic TiO2,
42
 H2O2 in the combination with UV irradiation
43
 and so on. This result might happen 
due to the variation in microbial structures between two strains. Round-shaped MS2 contains capsid of an 
icosahedron with 180 molecules of a coat protein
42
 which could act as a defender against lethal power of 
copper materials. Also, the resistance of MS2 might be resulted by the lack of enzymes or other copper-
sensitive systems such as thiol groups (-SH). E. coli cells, on the other hand, consists a complex structure 
of lipopolysaccharide, a peptidoglycan cell wall and a vulnerable metabolic system which can easily be 
affected by some selective compounds or oxidants.
42
 Cu
2+
 is expected to inactivate E. coli cells via direct 
interaction of metal ions with thiol compounds of cysteine in cell proteins, disorder the function of 
proteins causing cell death, similarly to the action mode has been reported for silver ion.
44, 45
 However, it 
should be addressed that 1.4 log was still caused in viral inactivation probably from direct contact of 
metal ion with the phage or from virus aggregation at low concentration of metal ion (700 µg/L Cu
2+
, 
equivalent to 10 µM) as suggested elsewhere.
7
 Additionally, saturation was also found in MS2 
inactivation as in E. coli but at lower value of 10 µM. From 10 to 50 µM, the efficiency remained 
unchanged at 1.4 log after 1 h as described above (Figure 2).  
 
The performance of N2 gas purging differentiated E. coli and MS2 reactions against Cu(II) toxicity 
under the presence and absence of ambient oxygen. Following that, E. coli inactivation by Cu(II) was 
negligibly affected by the elimination of oxygen. The parallel curves found in both conditions regardless 
the level of Cu(II) reveals that molecular oxygen has neither prohibiting nor promoting effect to 
antibacterial activity of copper ions. As considered, the main pathway for E. coli inactivation by Cu(II) 
might be the entrance of ions to cell cytoplasmic membrane, dysfunction of cytoplasmic proteins so that 
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the whole process is believed to occur intracellularly. Hence, the independence of Cu(II) bactericidal 
activity on the level of dissolved oxygen is comprehensible in this case.  
 
Unlike E. coli, MS2 inactivation was decreased to some extent in deaerated condition implying that 
oxygen played the role of promoter in the antiviral action of Cu(II). The presence of oxygen might 
support the contact between the phage with Cu
2+
 ions which consequently resulted in the aggregation of 
virus at relative low amount of metal ion. Nevertheless, through N2 purging, the apparent distinction 
between E. coli and MS2 in terms of inactivation behaviors against Cu(II) toxicity was revealed in which 
E. coli inactivation occurred mostly inside the cells by interaction of metal ion with cytoplasmic protein 
while virus aggregation was the responsible reason for MS2 viability loss. 
 
The lack of scavenging effect observed with excess amount of MeOH and tert-BuOH indicates that 
reactive oxygen species has not involved in the disinfection of E. coli and MS2 by Cu(II). Explanation for 
the increase of Cu(II) toxicity by excess amount of tert-BuOH still remained unclear. Such increase along 
might either be error during experiment performance or synergistic effect of the alcohol to lethal power of 
copper based disinfectant. Alcohols were suggested to be able to injure the cell membranes first probably 
by fluidizing bacteria cell membrane,
46
 which could subsequently enhanced the penetration and damage 
of lethal factors formed in copper based disinfection system. Further experiments are needed to 
thoroughly understand such synergistic effect. 
 
Besides, while complete prohibition by EDTA is comprehensible, the diverse effect that DMP 
expressed on E. coli and MS2 provides evidence that Cu
+
 ion involved in viral and bacterial lethality 
differently. Cu
+
 is believed to be crucial in E. coli inactivation due to significant prohibiting effect of 
DMP (Figure 6a) but did not contribute to MS2 inactivation. In E. coli cells, Cu
+
 could be produced by 
the reduction of Cu
2+
 as it was reported elsewhere that E. coli cells are capable of stimulating copper 
reduction inside the cells by intracellular quinones  and NADH dehydrogenase - 2.
21
 Result of Cu
+
 
measurement in the solution of Cu
2+
 further supports the formation of Cu
+
 in the solution and the 
involvement in overall toxicity. According to that, Cu
+
 was definitely produced in the system of two 
surrogate strains and 50 µM Cu
2+
, especially in the presence of E. coli. Cu
+
 ion is expected to participate 
in organism disinfection via the same pathway as Cu
2+
, i.e. impacting internal substances causing cell 
breakdown. On the other hand, the ability of MS2 to generate the formation of Cu
+
 was found ambiguous 
and required further investigation for the pathway behind. Furthermore, limited prohibition by DMP 
which suggests the exclusion of such Cu
+
 in virus inactivation fits well with the concerned hypothesis that 
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Cu(II) ion influence the viability of MS2 mostly by aggregation so that the Cu
+
 was either not produced 
or not attributed to the viability loss of the phage. 
 
After all, copper ion is recognized as a promising disinfectant with comparable effectiveness in 
microbial inactivation to silver ion. The toxicity of Cu(II) ions is more powerful for bacteria treatment 
than RNA-phage virus. The underlying mechanism behind the viability loss of E. coli could be due to 
function disruption of the cell by metal ions (Cu
+
 and Cu
2+
) when they entried through the membrane and 
reacted with thiol groups of cells proteins in which Cu
+
 played a critical role. MS2 inactivation was 
caused by the aggregation between metal ions and virus particles and Cu
+
 was not involved in the 
antiviral activity of the system in spite of a small amount Cu
+
 produced somehow. 
 
II. Inactivation activity of Cu(II)/H2O2 
2.1. Experimental results 
2.1.1. Inactivation of E. coli and MS2 by Cu(II)/H2O2 
The biocidal effects of copper ion, hydrogen peroxide and their combined application on E. coli and 
MS2 are shown in Figure 8a and b respectively. The inactivation curves indicate that 2.5 mM H2O2 did 
not inactivate E. coli while 5 µM Cu
2+
 resulted in 2.4 log E. coli inactivation itself after 30 min of 
reaction time. The addition of 1 mM and 2.5 mM H2O2 enhanced the deleterious effect of 5 µM Cu
2+
 
significantly causing up to around 5 log reduction in bacterial viability within 15 and 10 min orderly. 
Generally, the more concentrated H2O2 occupied, the stronger bactericidal effect achieved by Cu
2+
 ion 
except for the case where 0.1 mM H2O2 was added; a slight decline was unexpectedly observed (Figure 
8a). In addition, the Cu(II)/H2O2 - induced inactivation of E. coli was low during the first 5 min of 
experimental course and the rate rapidly accelerated afterward. Such response was found more apparent at 
higher concentration of H2O2, for example, the efficiency sharply increased from 0.5 log after 5 min to 
approximate 4.5 log after 10 min by using 2.5 mM H2O2 whereas 4.2 fold gap was obtained between the 
points of 5 min and 15 min in the employment of 1 mM H2O2. 
 
Meanwhile, Figure 8b reveals that 1 µM Cu
2+
 ion inactivated a negligible number of MS2 phage 
while about 1.2 log was reached by using 0.05 mM H2O2 alone after 30 min. When 0.05 mM H2O2 was 
applied together with 1 µM Cu
2+
, the viability loss of MS2 phage was improved greatly resulting up to 6.1 
log efficiency after 12 min. Moreover, unlike E. coli inactivation by Cu(II)/H2O2, MS2 inactivation was 
observed directly related to H2O2 concentration over the whole experimental range in which 
approximately 1.7 log and 2.5 log were obtained after 20 min by adding 0.005 mM and  0.01 mM H2O2 to 
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1 µM Cu
2+
 respectively. Likewise, 4.2 log inactivation was obtained after 15 min by using 0.025 mM 
H2O2 with Cu
2+
. This straight dependence, which has been reported similarly before,
7
 likely suggests the 
vital role of H2O2 in the lethality of the combined mode. Regarding the behaviors MS2 phage against the 
toxicity of Cu(II)/H2O2, first order kinetic was observed during the whole course of the reaction 
regardless the amount of H2O2.  
 
 
 
Figure 8: Inactivation activity of Cu(II)/ H2O2 
(a) E. coli ; (b) MS2 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL; 
[Cu
2+
]E. coli = 5 µM; [Cu
2+
]MS2 = 1 µM 
 
On the other hand, it is noteworthy that the concentrations of Cu(II) and H2O2 applied in antiviral 
experiments were at considerably lower level compare with antibacterial experiments. Figure 9 reveals 
the comparative relationship between inactivation curves of two strains as function of disinfectant doses 
in which MS2 appeared remarkably more susceptible to Cu(II)/H2O2 toxicity than E. coli in terms of 
inactivation behavior. As described in the captions of the figure, Cu
2+
 concentration employed for 
bacterial inactivation was 5-time higher than that for viral inactivation. The dash line indicates the level of 
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constituent doses that bacterial and viral inactivation occurred at the same rate wherein H2O2 used for E. 
coli elimination was roughly 100-time higher than that for MS2 elimination. Furthermore, it is revealed 
from Figure 9 and the subfigure that the toxic effect of Cu(II) ions on MS2 phage depends directly on the 
concentration of H2O2 while the correlation between E. coli inactivation and H2O2 dose followed a 
different way. The level of bacteria removal increased sharply at low range of H2O2 concentration in the 
first part of inactivation curve, and then the slope gradually decreased as higher amount of H2O2 was 
employed. 
 
 
Figure 9: Inactivation activity of Cu(II)/ H2O2 as a function of H2O2 concentration 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL; 
[Cu
2+
]E. coli = 5 µM; [Cu
2+
]MS2 = 1 µM 
 
2.1.2. Effect of molecular oxygen 
No significant dissimilarity was found in the inactivation of E. coli by Cu(II) with H2O2 under 
deaerated and air saturated conditions at two H2O2 concentrations studied (Figure 10a). Also, E. coli 
expressed similar time-dependent inactivation profiles regardless the condition of dissolved oxygen. 
Meanwhile, the virucidal activity of Cu(II)/H2O2 leveled off in air free condition compare with that in 
ambient oxygen exposure. 6.1 log inactivation of MS2 was achieved after 12 min by the application of 
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0.05 mM H2O2 with 1 µM Cu
2+
 under air saturated condition while an approximate 5 log was obtained 
after 20 min under deaerated condition (Figure 10b). Likewise, similar gap was obtained in the curves of 
0.025 mM H2O2 and 1 µM Cu
2+
. Without dissolved O2, only 2.2 log result was obtained after 30 min 
while about 4.3 log was achieved after 15 min in the counter experiment. Furthermore, when oxygen was 
absent, the viral inactivation pattern was found different from linear dependence reaction time found in air 
saturation condition. The two patterns appeared comparable at the initial time followed by splitting at 
later period in which remarkably lower rate were found in deaerated condition. 
 
 
Figure 10: Effect of molecular oxygen on inactivation activity of Cu(II)/H2O2 
(a) E. coli ; (b) MS2 
[PIPES] = 1 mM (pH 7); [Cu
2+
]E. coli = 5 µM; [Cu
2+
]MS2 = 1 µM 
 
2.1.3. Effects of radical scavengers and copper chelating agents 
The inactivations of E. coli and MS2 in the presence and absence of various hydroxyl radical 
scavengers (MeOH, tert-BuOH) were investigated to gain the insight into antimicrobial mechanism of 
Cu(II)/H2O2 and the results are revealed in Figure 11. According to Figure 11a, neither tert-BuOH nor 
MeOH completely prohibited antibacterial activity of the combined disinfectant in which more effective 
scavenging effect was found with MeOH rather than tert-BuOH. The addition of 200 mM MeOH reduced 
Reaction time (min)
0 5 10 15
L
O
G
 (
N
/N
0
)
-7
-6
-5
-4
-3
-2
-1
0
1 mM H
2O2 (Air saturation) 
1 mM H
2O2(Deaeration) 
2.5 mM H
2O2 (Air saturation)
2.5 mM H
2O2 (Deaeration)
Reaction time (min)
0 10 20 30
L
O
G
 (
N
/N
0
)
-7
-6
-5
-4
-3
-2
-1
0
0.025 mM H
2O2 (Air saturation)
0.025 mM H
2O2 (Deaeration)
0.05 mM H
2O2 (Air saturation)
0.05 mM H
2O2 (Deaeration)
 (b)  (a) 
  
  
 
 
22 
 
  
about 1.1 log in the total loss of E. coli cells caused by 1 mM H2O2 and 5 µM Cu
2+
, dragging the result 
after 15 min from 5.4 log to 4.3 log. The inactivation curve obtained in the presence of 200 mM tert-
BuOH was not different from the control curve without scavenger. The pattern of inactivation curves over 
time was maintained regardless the type of scavenger added, i.e. the stagnant phase was still established 
after 5 min of reaction time followed by rapid enhancement afterward. 
 
 
Figure 11: Effects of radical scavengers on inactivation activity of Cu(II)/ H2O2 
(a) E. coli  (b) MS2. 
[Cu
2+
]E. coli = 5 µM; [H2O2]E. coli = 1 mM; [Cu
2+
]MS2 = 1 µM; [H2O2]MS2 = 1 mM; 
[PIPES] = 1 mM (pH 7); [MeOH] = [tert-BuOH] = 200 mM 
 
Unlike the minor prohibition has shown in E. coli inactivation, 200 mM tert-BuOH partially inhibited 
the toxic effect of Cu(II)/H2O2 on MS2, decreasing the efficiency from 6.1 log in 12 min of control 
experiment (0.05 mM H2O2 and 1 µM Cu
2+
) to approximately 3 log. Similar result was obtained in the 
addition of 200 mM MeOH (Figure 11b) revealing the diversity in the mode of action behind MS2 and E. 
coli inactivation by Cu(II)/H2O2; various reponses were obtained from two surrogate microorganisms 
against scavenging effect of two radical scavengers. Inactivation profiles were not changed significantly 
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in the presence of the scavengers; eventhough a slight discrepancy was found between the curves of 
MeOH and tert-BuOH additions, both viral inactivation curves remained relatively linear as the control. 
 
On the other hand, Figure 12 reveals the effect of copper chelators on toxicity of the systems in which 
EDTA as expected blocked all the lethal action of Cu(II)/H2O2 in both strains. DMP expressed chelating 
effects diversely on bacteria and virus in which E. coli inactivation was stopped completely when 2 mM 
DMP was added while about 1 log was still found in MS2 inactivation after 12 min reaction time. 
Moreover, the adding of DMP altered the pattern dramatically, pulling off 0.8 log result within 4 min and 
controling to reach 1 log at the end of 12 min course of experiment.  
 
 
Figure 12: Effects of copper chelating agents on inactivation activity of Cu(II)/ H2O2 
(a) E. coli  (b) MS2. 
[Cu
2+
]E. coli = 5 µM; [H2O2]E. coli = 1 mM; [Cu
2+
]MS2 = 1 µM; [H2O2]MS2 = 1 mM; 
[PIPES] = 1 mM (pH 7); [DMP] = [EDTA] = 2 mM. 
 
2.2. Discussion 
E. coli and MS2 inactivation by Cu(II) ion was enhanced significantly due to the addition of H2O2 
(Figure 8a and b) implying that inactivation mechanism behind Cu(II) toxicity has been switched to a 
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brand new mode. As mentioned above, Cu
2+
 is expected to inactivate E. coli cells by metal ion itself via 
direct interaction with thiol compounds of cysteine in cell proteins, disorder the function of proteins 
causing cell death which is similar to the phenomenon found with silver ion.
44, 45
 Toxicity of Cu(II)/H2O2, 
on the other hand, was caused by reactive oxidants generated from Cu(I)/Cu(II) interconversion wherein 
H2O2 acted as either oxidant or reductant (Reactions 3.1 and 3.2). Following previous reports, the lethal 
oxidants were most likely either 

OH radical
4, 8-11
 produced from oxidation of Cu(I) (reaction 3.2) or 
Cu(III)
28, 33
 as a product of 2 – electron Cu(I) oxidation by H2O2 (reaction 3.3)
28
 or 1 – electron Cu(II) 
oxidation by 

OH radical (reaction 3.4).
33
 Further indications are showed in this study to identify the 
major factor for toxicity of the system. 
 
 Cu(II) + H2O2 → Cu(I) + HO2
-
 + H
+   
(3.1) 
 
 Cu(I) + H2O2 → Cu(II) + 

OH + OH
-
   (3.2) 
 
 Cu(I) + H2O2 → Cu(III)  (3.3) 
 
 Cu(II) + 
OH → Cu(III)  (3.4) 
 
H2O2-dependent manner found in gradual improvement of inactivation efficiency indicating that the 
involvement of H2O2 in reactive oxidant generation is remarkable. The decrease of E. coli inactivation 
obtained when 0.1 mM H2O2 was added to 5 µM Cu
2+
 suggests that oxidative species generation required 
relatively high concentration of H2O2 probably because of the competitive effect of inner iron against 
Cu
2+
 in reaction with H2O2
47, 48
. Adding correspondingly sufficient amount of H2O2 can exclude this effect 
and Cu(II)/Cu(I) redox cycling becomes predominant followed by steady improvement of inactivation as 
a function of H2O2. The negligible effect of Cu
2+
 in MS2 inactivation can be simply explained by the lack 
of thiol group in virus phage as mentioned in previous part whereas linear correlation to H2O2 dose 
demonstrates that MS2 inactivation by Cu(II)/H2O2 underwent the same pathway with E. coli bacteria, i.e. 
by lethal effect of reactive oxidants. This finding also means that MS2 phage could only be deactivated 
efficiently by produced oxidants rather than Cu(II) ions.  
 
On the other hand, diverse behaviors against the toxicity of Cu(II)/H2O2 of E. coli and MS2 can be 
explained by the dissimilarity between bacterial and viral structures. E. coli required a short time of 
adaptation due to moderately complicated structure of the cells and such phenomenon could be explained 
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by two ways. First, E. coli complicated structure might play a part requiring multiple damages such as 
destroying cell membrane for completely inactivating the cells. Reactive oxidants produced in bulk 
solution of Cu(II)/H2O2 system are proposed quickly react with cell membrane interrupting the integrity 
of the membrane before mobilizing into the cells and reacting with intracellular compounds. Additionally, 
since these oxidants are known highly reactive, they can easily react with surrounding compounds. Hence, 
these oxidants should be produced near by the cells otherwise antibacterial efficiency might be delayed 
until an adequate level the oxidant in the solution. Another possibility is that Cu(III) and 

OH are 
produced from sequent redox reactions in which Cu(II) reduction by H2O2 to form Cu(I) is the initiating 
step. This reaction is known as rate determining step in the chain reaction which limits the total rate and 
subsequently limits the formation of reactive oxidants. Since Cu(I) is quite important in this case, it is 
believed that the inactivation rate can only enhance greatly when Cu(I) concentration becomes adequate.  
 
MS2 phage with simple small RNA-containing structure needs no adaptive time so that inactivation 
result expressed linear relationship with reaction time from the beginning. More importantly, MS2 was 
detected appreciably more sensitive to Cu(II)/H2O2 toxicity than E. coli (Figure 1c) implying that oxidant 
produced from this combined mode is remarkably more powerful in virus treatment over bacteria. This 
feature is hardly found in other contemporary disinfection compounds or systems
2, 4, 42, 43
 and silver is 
most likely the only exception.
40
 The similarity in virucidal and bactericidal action correlation shared by 
Cu(II)/H2O2 and silver related disinfectants suggests the involvement of metal ion in the lethality of the 
current application. Hydroxyl
 
radicals, which have been proposed for deleterious activity of a series of 
disinfection processes and being more toxic to E. coli than MS2,
2, 4, 42, 43
 could be excluded for the main 
toxic factor in this system. Cu(III) is taken into consideration as an alternative oxidant due to the most 
possibility being produce in the system. Cu(III) ion, which could be formed via the oxidation of Cu(I)
28
 or 
Cu(II)
33
 as described above, is proposed more toxic to RNA phage virus than E. coli bacteria. 
 
Further evidences supporting the little involvement of 

OH radical was found in inactivation 
experiments performed with the presence of two regular – used scavengers (MeOH and tert-BuOH). The 
insufficient effect that the scavengers expressed on antimicrobial results is highly consistent with the idea 
of minor contribution by 

OH radical. However, the existence of 

OH radical in the system is also 
recorded due to fractional scavenging efficacy by MeOH and tert-BuOH, especially in MS2 inactivation 
(Figure 11). Consequently, 

OH radical is considered to exist in the system along with Cu(III) and be 
produced from Cu(I) oxidation by H2O2 via reaction 3.2 since the role of Cu(II) reduction to Cu(I) 
(reaction 3.1) was implied essential by strong protective effect of DMP. Two hypotheses are refered to 
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reflect the co-existence of two oxidants in Cu(II)/H2O2 system. First, Cu(III) and 

OH radical might be 
simutaneously produced by reaction of Cu(I) with H2O2 in which Cu(I) speciation might play a part in 
distinguishing the products. However, it is still unclear whether which species of Cu(I) implicated 

OH 
radical or Cu(III) generation distinctively. Another possibility should not be ignored is that Cu(III) was 
produced from the reaction of Cu(I) with H2O2 (reaction 3.3) and 

OH is the subsequent product of Cu(III) 
reduction (reaction 3.5).
33
 
 
 Cu(III)
 
↔ Cu(II)
 
+ 

OH  (3.5) 
 
 Reaction 3.4 could be eliminated for the likelihood of being the pathway of Cu(III) formation, 
otherwise the scavengers should exhibit full hindering effect rather than limited outcome.  
 
The addition of molecular oxygen varied inactivation behaviors of E. coli and MS2 (Figure 10) 
indicating that lethal factors participated in the inactivation of microorganisms by Cu(II)/H2O2 were 
somehow different. Enhancement in MS2 viability loss caused by Cu(II)/H2O2 in the presence of ambient 
oxygen suggesting that oxygen played a part in viral inactivation, most likely as the source for O2
-
 
formation since O2
-
 partially inactivated MS2 by direct interaction as concerned above. The absence of 
dissolved oxygen limited the level of O2
-
 produced and accordingly hindered viral inactivation.
 
For E. 
coli, on the other hand, the absent influence of molecular oxygen on lethal activity of Cu(II)/H2O2 could 
be resulted by intracellular formation of O2
-
. Since O2
-
 was produced inside E. coli cells rather than in 
bulk solution, the level of dissolved oxygen hardly impacts the bactericidal efficiency. The contradictory 
behaviors in MS2 and E. coli inactivation against oxygen effect indicate that bactericidal and virucidal 
toxicities of Cu(II)/H2O2 varied slightly in which superoxide radical is considerably important in virucidal 
activity.  
 
To sum up, it is proposed that toxicity of Cu(II)/H2O2 on E. coli is mainly from Cu(III) ion and 

OH 
radical produced by Cu(I) reduction reaction whereas MS2 viability loss is resulted from combination 
effects of Cu(III), 

OH radical and O2
-
 radical. The pathway for O2
-
 radicals formation as well as two 
hypothesized pathways for the generation of Cu(III) and 

OH radical is summarized by the scheme in 
Figure 13 below. 
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Figure 13: Formation of reactive oxidants in Cu(II)/H2O2 system 
 
III. Inactivation activity of Copper nanoparticles 
3.1. Experimental results 
3.1.1. Inactivation activity of copper nanoparticles 
Nanoparticulate zero-valent copper (nCu) was prepared and qualified for inactivation activity on two 
surrogate microorganisms. Toxic effects of commercial copper materials including microsized metallic 
copper (mCu) and copper iron oxide (CuFe2O4) nanoparticles were also tested to clarify the effect of size 
range on the overall toxicity of nCu. As shown in Figure 14, nCu was extremely more effective than mCu 
and CuFe2O4 in both antibacterial and antiviral experiments; about 0.4 log was achieved in E. coli 
inactivation every minute treated with 0.1 g/L nCu whereas a trivial 0.01log was observed with 0.1 g/L 
CuFe2O4 and same amount of mCu did not affect the survival of the cells (Figure 14a). Moreover, it is 
notable that nCu was equally effective in inactivation of E. coli and MS2 while mCu was pretty more 
poisonous to the phage than bacteria cells. 
  
  
 
 
28 
 
  
 
 
Figure 14: Inactivation activity of various copper based catalysts. 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL;  
[mCu] = [CuFe2O4] = [nCu] = 0.1 g/L; 
 
 
3.1.2. Effect of molecular oxygen 
Figure 15 reveals the performance of nCu in inactivating E. coli and MS2 in the presence and absence 
of dissolved oxygen. Under air saturation condition, toxic effect of nCu on E. coli was detected increased 
gradually as a function of reaction time but linear relation was not achieved due to the deceleration of 
inactivation rate at the end of reaction time. Similarly, the survival of MS2 decreased sharply during the 
first 10 min but the slope shrank down at the tail. nCu resulted an approximate 6 log inactivation after 20 
min of both strains. The absence of oxygen influenced the lethal power of nCu to some extent but did not 
vary the behaviors of MS2 and E. coli against nCu toxicity significantly; both strains were found more 
resistant under deaeration condition. The number of E. coli cell decreased 2.2 fold after 20 minutes 
treated with 0.1 g/L nCu under N2 purging, about 3-time less than the result without N2 purging and 
similar result was also found with MS2 inactivation. In addition, the new curves where N2 purging was 
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performed indicate a noticeable alternation in biocidal profile of nCu in which microbial inactivation was 
primarily slow but rapidly enhanced afterward. 
 
 
Figure 15: Effect of molecular oxygen on inactivation activity of copper nanoparticles 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL; [nCu] = 0.1 g/L; 
 
3.1.3. Effects of radical scavengers and copper chelating agents 
The presences of MeOH and tert-BuOH differentiated inactivation behaviors of E. coli and MS2 
noticeably in which the inactivation efficiencies obtained in two strains were found varied significantly in 
the addition of two radical scavengers (Figure 16). In E. coli inactivation, MeOH and tert-BuOH 
unexpectedly increased the lethal effect of nCu slightly, causing a loss up to 5 log in E. coli survival after 
10 min while nCu could only pull off that result after 15 min. On the contrary, two scavenging substances 
fractionally hindered the virucidal inactivity of nCu and a slight difference was found between the 
performances of MeOH and tert-BuOH on MS2 inactivation. MeOH was slightly more effective in 
hindering the toxicity of nCu reducing the lethal effect from 6log to less than 2 log after the same reaction 
time while about 3 log was obtained with 200 mM tert-BuOH addition.  
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Figure 16: Effects of radical scavengers on inactivation activity of copper nanoparticles 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL; [nCu] = 0.1 g/L; 
[MeOH] = [tert-BuOH] = 200 mM  
 
 
Besides, the effects of cupric and cuprous ion chelating agents were investigated and Figure 17 
reveals the results. In Figure 17a, bactericidal action of nCu was drastically changed upon the presence of 
DMP which represents for Cu
+
 chelating agent. Despite the final 6log result after 20 min, inactivation 
profile was altered appreciably in which inactivation rate accelerated slowly at initial time but greatly 
enhanced afterward in the presence of DMP. Meanwhile, after 20 min treated with 0.1 g/L nCu, only 1.5 
log was found in viability loss of MS2 in the presence of 2mM DMP, decreased 4 times compare to the 
control result without DMP and the profile of viral inactivation was also changed. EDTA 2 mM 
completely inhibited antimicrobial effect of 0.1 g/L nCu; no loss was found in the survival of both 
surrogate microorganisms. 
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Figure 17: Effects of copper chelating agents on inactivation activity of copper nanoparticles. 
(a) E. coli  (b) MS2. 
[PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [MS2] = 10
7
 PFU/mL; [nCu] = 0.1 g/L; 
[EDTA] = [DMP] = 2 mM  
 
 
 
3.1.4. Effect of synthetic method 
Two types of copper nanoparticles were synthesized and tested for inactivation activity in which 
nCu
[1]
 was made without using any capping agent and nCu
[2]
 was prepared with the support of P123 and 
sodium citrate to control the growth rate of the particles as described in the experimental part. Figure 18 
indicates the comparative efficiencies of E. coli inactivation by two types of nCu. Inactivation curves 
apparently reveal that citrate-supported nCu possessed stronger power for bacteria disinfection than non-
supported nCu; the usage of 0.1 g/L nCu
[2]
 decreased the survival of E. coli sharply during the 
experimental period and the efficiency reached 4 log within 7 min. The bactericidal curve by 0.1 g/L 
nCu
[1]
 was recalled from previous part in which around 6 log inactivation was rapidly reached after 20 
min. 
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Besides, the level of copper ion dissolution from nCu was measured in order to examine such 
contribution in lethal action of the particles since dissolved Cu
2+
 has been widely proposed as the key 
causative factor for the toxicity of nCu as well as a range of copper based catalysts; observed result is 
presented in subfigure of Figure 18. Visually, nCu
[2]
 dispersed more evenly in the experimental 
suspension compare to nCu
[1]
 (data not show) probably owing to the support of employed polymer. Result 
in Figure 18 subfigure reveals that the level of Cu
2+
 released from nCu
[2]
 was approximately 5-time higher 
than that from nCu
[1]
 which were about 50 µM  and 10 µM respectively. The inactivation curve obtained 
by 50 µM Cu
2+
 was brought back from the first part of this chapter to compare with the obtained results 
from two new-synthesized catalysts. The bacterial inactivation by Cu
2+
 ions turned out absolutely small in 
comparison with both types of nanosized copper. Furthermore, the inactivations of E. coli by all three 
disinfectants were similar in terms of time-dependent manner in which the rate rapidly ascended at the 
beginning of the experiments but slowed down at the end. 
 
 
Figure 18: Inactivation of E. coli by nCu
[1] 
(non-supported nCu) and nCu
[2] 
(citrate-supported nCu) 
Subfigure: released Cu
2+
 ion from nCu
[1]
 and nCu
[2]
 
 [PIPES] = 1 mM (pH 7); [E. coli] = 10
7
 CFU/mL; [nCu
[1]
] = [nCu
[2]
] = 0.1 g/L; [Cu
2+
] = 50 µM 
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Figure 19 introduces TEM images of two kinds of copper nanoparticles (nCu
[1]
 and nCu
[2]
) prepared 
with and without capping agents. In both conditions of fabrication process, the particles were observed 
possess spherical structures and nano-ranged size. Non-supported nCu
[1]
 diameter has the size ranging 
from 5 to 20 nm (Figure 19 a & b) while it is observed from Figure 19c and d that citrate-supported nCu
[2]
 
is about 5 nm in size and no noticeable gap was found in size distribution. The fuzzy part observed in the 
latter two figures might be the result of supporting polymer remained in the solution. 
 
 
 
Figure 19: TEM images of nCu
[1] 
(non-supported nCu) and nCu
[2] 
(citrate-supported nCu) 
(a) & (b): nCu
[1]
 synthesized without P123 and Sodium citrate. 
(c) & (d): nCu
[2]
 synthesized with P123 and Sodium citrate. 
 
 
  
  
 
 
34 
 
  
3.2. Discussion 
Particle size seemed like playing a crucial role in the toxicity of metallic copper due to the notable 
difference between the inactivation efficiencies of micro- and nanosized metals. It was suggested from 
literatures that nanoparticles were more powerful in pathogenic treatment than the microsized counterpart 
because of the larger surface-to-volume ratio.
9, 16
 Also, thanks to the absolute small size, copper 
nanoparticles are able to bind onto the bacterial cells, penetrate through cell membrane and disrupt protein 
function causing cell death.
9
 However, the ultimate reason for microbial toxicity of nanosized copper 
might rely on some other aspects than the size range since inactivation efficiency obtained from similar 
copper based nanoparticles, i.e. CuFe2O4, was negligible compare to nCu. It implies that nanoparticulate 
zerovalent copper might participate in a particular pathway for expressing the toxicity. 
 
Results from additional experiments performed under various conditions of dissolved oxygen, oxidant 
scavengers and metal ion chelating agents have gained the insight into the mode of lethal action by nCu. 
Firstly, the lack of scavenging effect that MeOH and tert-BuOH expressed on antibacterial activity of nCu 
could be explained by two ways in which reactive oxidants might either not involve in the damaging 
action or be produced intracellularly so that the scavengers could not capture effectively. The latter 
hypothesis is more likely possible to occur due to corresponding result in antiviral experiment. In viral 
inactivation by nCu, relatively high reduction was gained by excess amount of two alcohols suggesting 
the appearance and contribution of reactive oxidants as one of the key lethal factors. Thus, we propose 
that some kinds of ROS were produced in the experimental solutions using nCu but the production 
located variously between the cases of virus and bacteria. Such oxidants are believed to form inside E. 
coli cells but in bulk solution in MS2 inactivation experiment. Consequently, the scavengers were more 
effective in hampering antiviral activity of nCu rather than bactericidal action. Reactive oxidants 
generated in the system were likely either superoxide radical (O2
-
) or hydroxyl radical (

OH) or both 
which could be produced from direct oxidation of nanosized copper to Cu
+
, Cu
2+ 
and probably Cu
3+
.  
 
 Cu
0
 + O2 → Cu
+
 + O2
-
   (3.6) 
 
 Cu
0
 + O2 → Cu
2+
 + H2O2 (3.7) 
 
 Cu
0
 + O2 → Cu
3+
 + 

OH (3.8) 
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Superoxide radical (O2
-
) and hydroxyl radical (

OH) could also be the products of copper redox 
cycling in the presence of induced hydrogen peroxide following reaction 3.1 and 3.2 described in 
previous part. Besides, positive effect that MeOH and tert-BuOH had on nCu toxicity might also be 
resulted by synergistic support of alcohols as mention above and further examination is planned for 
accurate elucidation of the mechanisms. 
 
Evidences from inactivation experiments under air saturation and deaeration conditions further 
support the generation of reactive oxidants in the system and suggests the pathways for such production 
wherein O2 might play a crucial role since the lethal effect decreased dramatically in the absence of 
dissolved oxygen. The consistency between influences of oxygen level and radical scavengers likely 
recommends that 

OH radical was the key mortal species in nCu toxicity and 

OH radical was most likely 
generated from direct oxidation of the particles where molecular O2 was indispensable. Additionally, 
remained antiviral effect in the presence of scavengers as well as the effect achieved in the absence of 
dissolved oxygen implicates fractional involvement of some other factors. Nanosized particles themselves 
which was described flexible in microorganism disinfection due to the advantage of size range are 
subjected along with copper ions, especially Cu
3+
 ions which are likely generated where Cu(I) ion and 
H2O2 both exist. Reason for the enhancement of nCu toxicity on E. coli by MeOH and tert-BuOH still 
remains unclear and requires further study to identify. 
 
On the other hand, DMP, which is Cu(I) ion chelating agent, offered diverse impact on the biocidal 
performance of nCu over bacteria and virus. In E. coli inactivation, Cu(I) ions seemed more important at 
the first period of reaction time, but its role fell down later on. The most likely occurrence governing such 
phenomenon is the formation of Cu(I) mobilized inwardly from bulk solution into E. coli cells at latter 
period of experiment. As a result, DMP lost its ability to inhibit inactivation activity of nCu. This 
suggestion is promoted by the finding from MS2 inactivation experiment that DMP reduced the viral 
toxicity of nCu noticeably. The fraction of MS2 inactivation reduced by DMP fits relatively well with the 
reduction caused by radical scavengers suggesting the vital part of redox reaction between Cu(I) ion and 
H2O2 as in Fenton-like system reported earlier. Meanwhile, EDTA again worked perfectly, hindered all 
biocidal activity of copper nanoparticles. This result is inconsistent with most of previous finding which 
showed that Cu
2+
 was not the key factor for nCu toxicity. Therefore, we suspect that EDTA is able to 
complex nanoparticulate zerovalent copper somehow and hamper its effect. However, the accuracy of 
such proposition requires further investigation to figure out.  
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TEM images of the particles exposed in Figure 19 reveal that P123 and sodium citrate worked well in 
controlling the size and size distribution of synthesized catalysts; smaller particles with negligible 
variation in size range were achieved from the sample supported by two capping agents. Also, remarkably 
higher loss in E. coli viability was detected with citrate-supported nCu rather than non-supported nCu. 
Hence, the uniformity in particle size is believed to be definitely important in lethal performance of nCu. 
The addition of P123 and citrate into fabrication step also enhanced the dissolution of metal ion into 
solution probably relating to either even dispersion or smaller size range which consequently mediated 
higher rate of nCu oxidation to metal ions. Concern is required for applying capping agents to direct the 
formation of nanoparticles since the concentration of metal ion should also be controlled following the 
water supply regulations. Moreover, the fact that released Cu
2+
 level responded irrelatively with 
corresponding antibacterial efficiency supports the proposition before that Cu
2+
 ion might involve 
partially in the toxicity of nCu rather than dominated it. Alternatively, the predominant causative species 
were likely reactive oxidants generated from copper reduction – oxidation processes and nanoparticles 
themselves.  
 
IV. Summary 
A brief summary of the findings in the study is presented in Table 2 which reveals relative correlation 
in inactivation behaviors of two surrogate microorganisms against three various copper disinfection 
systems and Table 3 in which the level of influence by a variety of experimental factors on antimicrobial 
activities of the systems is reviewed. Following that, E. coli was found more vulnerable to Cu(II) toxicity 
than MS2 while opposite result was observed against the lethal effect of Cu(II)/H2O2 and comparable 
removals were found between two strains treated with copper nanoparticles.  
 
Table 2. Relative relationship between E. coli and MS2 inactivation behaviors against copper based 
disinfection systems 
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Regarding the alternation in antimicrobial performance of the disinfection systems under the impact 
of various parameters, the toxicities of all three systems were completely deleted by the addition of Cu(II) 
chelating agent EDTA while the counter Cu(I) chelator DMP affected antiviral and antibacterial activities 
differently. DMP did not change MS2 inactivation caused by Cu(II) ion as well as E. coli inactivation by 
nCu while partially protected the survival of virus treated by Cu(II)/H2O2 and nCu. DMP completely 
stopped bactericidal action of the homogeneous disinfectants, i.e. Cu(II) ion and Cu(II)/H2O2. On the 
other hand, the presence of radical scavengers mostly inhibited the biocidal activities to some fraction 
except the antibacterial action of nCu where a slight enhancement was found in the result. Condition of 
oxygen was excluded for significant involvement in bacterial toxicity of homogeneous systems but quite 
important in the lethality of nCu. The presence of dissolved oxygen was also essential for MS2 
inactivation by Cu(II).  
 
Table 3. Impact of various experimental factors on E. coli and MS2 inactivation by copper based 
disinfection systems. 
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Chapter 4. Conclusions 
 
Various copper based disinfection systems were investigated for the lethal effect on two 
representative microorganisms, namely E. coli bacteria and MS2 RNA-phage. It is revealed from the 
experimental results that copper disinfectants are remarkably powerful in sanitizing waterborne pathogens. 
In which, copper free ion was more toxic to E. coli than MS2 while the phage was extremely more 
susceptible to the toxicity of copper in the combination with H2O2 and the new-found copper 
nanoparticles affected the viability of two strains equally. These varied behaviors suggest a range of 
inactivation pathways for antimicrobial activity of various copper antiseptics. Detailed mechanisms 
behind the action of Cu(II), Cu(II)/H2O2 as well as nCu were elucidated by examining the protection that 
corresponding copper chelating agents and radical scavengers expressed on the survival of two 
pathogenic indicators. Biocidal efficiencies of the systems were also examined under air saturation and 
deaeration conditions to clarify the diverse behaviors of the strains. The varied expressions of E. coli and 
MS2 against various experimental conditions helped gain the insight into the action mode of each system.  
 
Cu(II) ion was apparently more toxic to E. coli than MS2 probably owing to structural difference 
between two strains where the cytoplasm membrane of E. coli contains thiol groups which are easily 
affected by metal ions. Besides, lethal action Cu(II) ion was found dependent on disinfectant dose and pH 
condition with improvement at neutral- closer pH. Regarding the role of molecular oxygen, bactericidal 
activity of Cu(II) was remained same in the presence and absence of dissolved oxygen while virucidal 
effect altered considerably. Despite minor efficiency that Cu(II) had on MS2 inactivation, the gap 
between the viral toxicity in air saturation and deaeration conditions was observable. Contact 
enhancement between the phage and Cu(II) ions supported by O2 molecules is subjected to explain the 
improvement found in antiviral result under exposure to ambient air compare to that in anoxic condition. 
Copper free ions including Cu
+
 and Cu
2+
 are proposed to form and take on toxic action of the system 
through direct interaction with E. coli cells via electrostatic attraction. Those ions entered into the cells, 
reacted with intracellular compounds causing cell death. The loss of MS2 viability was most likely caused 
by aggregation of the phage from contacting with metal ions. Reactive oxygen species were not involved 
in the toxicity of Cu(II) to neither bacteria nor virus. 
 
Opposite from Cu(II) system, E. coli and MS2 responded reversely against the toxicity of  in which 
MS2 was interestingly more susceptible to the lethal activity of Cu(II)/H2O2 with similar viability loss at 
remarkably lower concentrations of the components than those for E. coli elimination. However, the 
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effect of molecular oxygen was found repeated in the exact same pattern as in Cu(II) system. Indeed, no 
alteration was found in bactericidal activity of Cu(II)/H2O2 when dissolved oxygen was removed when 
virucidal activity was apparently decreased. In this case, O2 is believed to play the part of oxidant source 
for the generation of superoxide radical which is one of the main lethal factors causing MS2 viability loss 
along with hydroxyl radical and cupryl ions (Cu
3+
). Inactivation of E. coli might be resulted by the 
combination of co-existed hydroxyl radical and Cu
3+
 in which Cu
3+
 is believed more predominant due to 
the response of inactivation efficiency against protective effect of corresponding radical scavengers and 
chelating agents. Two possible pathways were suggested for the co-forming and co-existing of 

OH 
radical and Cu(III) in the system. Additionally, absolute effectiveness of reactive oxidants especially Cu
3+
 
on virus inactivation is new-found and suggests the potential of copper disinfectants for applying in 
practical pathogenic treatment. 
 
The synthesized copper nanoparticles were observed extremely more effective in inactivating the 
indicators compare to microsized particles gaining recognition about the potentials of nCu as a promising 
disinfectant. Unlike other related disinfectants, nanosized copper inactivated the surrogate virus and 
bacteria equally. Regarding the underlying mechanisms, nCu is believed to express the lethal effect 
through the formation of some highly reactive oxidants ranging from superoxide radical, hydroxyl radical 
and cupryl ions. Furthermore, such oxidants were likely formed inside E. coli cells in bactericidal 
inactivation but in bulk solution for MS2 inactivation case. The formation of those oxidants is projected 
for direct or indirect reaction of zerovalent metal with oxidants appeared in the system such as oxygen 
and hydrogen peroxide. nCu was found more toxic in air saturation condition probably due to the crucial 
role of molecular oxygen in direct oxidation of the particles to form 

OH radical which is proposed the 
key causative factor. The metallic particles themselves as well as dissolved metal ion are expected to 
participate in the inactivation somehow by directly contacting and binding functional compounds to cause 
cell death. On the other hand, toxicity of nanoparticulate copper might be improved further by using 
proper capping agents; these supporters direct the formation of particles, controlling size growth and 
supporting the distribution of nCu in contaminated solution. However, using those compounds in nCu 
fabrication requires extra attention for the level of metal ions in the effluent since the dissolution of 
copper ions from supported-nCu was found 5 time higher than non-supported nCu.  
 
Overall, from the antimicrobial performance of three systems investigated in this study, it is plausible to 
expect the growth of copper based disinfectants employment in waterborne pathogen treatment. Strong 
power, low required concentration and the viability at natural pH are what make copper antiseptics, 
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especially nanoparticulate zerovalent copper, definitely promising for future application in water 
treatment facilities as well as in the manufacture of medical, surgical instruments and equipments. On the 
other hand, more study is still required for effectively applying copper nanosized particles since the 
toxicity of such material on human health remains unclear. Furthermore, the explanation in this study is 
still rough compare to the complication behind the lethal effect of nCu; there are still some unexplainable 
results from experimentation so that further effort is needed to clarify all the aspect of nCu toxicity.  
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